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Analysis of dynamic response and stability of the drainage building intake
slope at Lawa Hydropower Station under seismic action
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(1. School of Civil Engineering and Architecture, Wuhan University, Wuhan 430072, China;
2. Zhongnan Engineering Corporation Limited, Power China, Changsha 410014, China)

Abstract: The slopes of hydropower projects in southwest China are high and steep and located in high seismic
intensity regions. Consequently, there is a risk of earthquake-induced slope instability. Taking the drainage building
intake slope of Lawa Hydropower Station at Jinsha River as an example, the dynamic finite element method is used
to simulate the slope under rare strong seismic conditions. Based on this, an analysis of the slope dynamic response
is conducted. Then, the post-earthquake slope deformation, stress and plastic zone distribution are studied. Finally,
the dynamic stability of the slope below the spillway structure is evaluated using the dynamic strength reduction
method, which reveals its potential instability mechanism. The results indicate that the acceleration response of the
slope shows an elevation amplification effect, a surface amplification effect and a structural surface amplification
effect. The slope undergoes the maximum permanent deformation of 10.2 mm after the earthquake, creating new
local tensile stress zones and plastic zones. In rare seismic conditions, the safety factor of the potential sliding mass
on the slope is 1.80, and its potential failure mechanism is deformation failure with fault JF1 as the rear boundary
surface and rock mass at the slope toe shear damaged. This study can provide reference for the dynamic response

and stability analysis of complex high and steep rock slopes with favorable-dipping faults under seismic action.
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Fig.2 Numerical model of the drainage building intake slope
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Table 1  Values of physical and mechanical parameters

FRLE R W/ (gem’®)  BEERK F® 1/ MPa PR/ GPa THAA L HUhr i EE/ MPa
Wiz JF1 2.60 0.46 0.12 0.75 0.38 0.8
hiliv § 82k 2.45 1.12 1.00 9.0 0.24 2.5
SRENRRIALIZE (V) 2.25 0.47 0.25 1.5 0.34 1.3
SRS AL)ZE (IV2) 2.70 0.63 0.45 2.5 0.34 2.0
SE AR (VD) 2.80 0.79 0.60 6.0 0.28 3.0
Ak 55 WAL 2 (2) 2.90 0.84 0.70 6.5 0.26 4.0
AR BT XA JZE (T ) 3.00 1.00 0.90 9.0 0.24 4.5
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Fig.7 Post-earthquake displacement of the slope
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Fig. 10  Plastic zone contour before and after the earthquake of the slope

5 BAREMBERE ST

FETA FRTT B 0 BTk e AT A T AT MR AR R RS I . DATZ TR S b (A it oK g
SFUIRED G P TR AE VAR R I 98 W 52, e BROAS [ B v 22 Kou) L8 3R BB 48 2R BORN BT o o 88 0 A7 458 L A9 0k, 5
SR EAT— R RSO T, (e 3k e DR S AR T o 2R B B Ry 28 4 R B, R NS B | 4 [ e
JELUT 3 AR AT DIHIWT 3 B 28 % AR B3R . (OFRAE A1 B8 e A2 28 75 Q0 RR i R AIE A 07 % B A i £k AN i
G4 Y B BE VR IX AR A e A TR WA L R 2~ 4, 5 SO TSR X L A T T T
IR DX R o DA T ) A

250 A7 R T YR X e BT R KA A i R UL 11, p AT ek R BOEE 1.80 A AT W
TEW R AR SO A A W IR B 3 Pk SR B0 1. 7815 ¥ T S IX o FL 2R 3] 100% , BIVJE B B3 S8 47 X
B, Priml R .80 1821 , e sk MR AE F T RRIE I A B i R 4 WL IR 12, AT WLl R A0CH 1.80 B, b
T8 TR DN A7 R A B3 L {1 T U R A 1,82 I, Ml R 205 o i ) s o7 R 4 8 hn ke 14 K | R AR 52
SR

PRIt A4 3 05 B Ak A R 3R D . @A), A5 BT A R4 4= RO 1.80 K558 0.02,



140 o T B 5 T & #& 3 545 45

40 - L 100 7
—=— il 2 R — I AR R
MR . ok v
30} 4 et 1% < — W6 HTI 4180
g | AR A S [ Vil 4T R B 82
8 160 13 £ [ oshrmi R0 .82 g
& 20 x 7 — I 6T R K18 l
= 40 E 2 3 i
= R =
10} HES = 2r ’//,//’fffff
D > W 7 IR
0s 0 ) 1 1 1 1 1
Lo 12 14 16 18 20 0 5 10 15 20 25 30
e 72 i)/
11 4FEN S mEER it 12 HFED s A F% B A2 ih 2%
BT RISk B 2k Fig. 12 Displacement time history of
Fig. 11 Curves of the displacement of characteristic characteristic measuring points

measuring points and the proportion of plastic zone

on the sliding surface varying with the reduction factor

AN RIS BGHAT B SRR B PRI R R AL UL 13, AT, i R B 1.0 I AU
JZ IE1 /BRI AIBYE  Prisl R BN 1.2 0 W2 280k X — 27 J  Prisl R B 1.4 1), W= 280 X ey B3
A ZE K SR ) T S A 2 0 s sl R EC 1.6 B T2 Tt K £ SR Hh TR 1y g K, /N L kA 9
P PTIBURECY 1.7 W KRS B L X HE— 254 T B S BRI 280 7 3353 IXUAG o I 52 5 ok N 8 5 il 2R 5
1.8 I AR XY Y B BT DX, Sk B FRAR S, T TR L RS R IR PR B AR R RS AL S 3 AR
717 B2 0 Je Al AR SR K R ST 2R R R AT I Y ¢ BB X B SRR

W2 PE X
N
L, o

(a) PR (b) PRMARE1.2 (o) PIRAKL14

LALL B
L S g
e EA

IR b

(d) JrisF%.6 (e) Prikz%.7 (f) PrisiR%01.8
13 AR RFEBHEEXEN

Fig. 13 Evolution of plastic zones on slopes with different reduction factors
4E N
6 Z51k

T3 A BROCEUB AT 1, X7 pe 7K ri vl T 7K S SO 3 A i B A 1 19 2l g o I AR 72 B
JEIE RS RGeS T T 08T AR R EEA5HE



51 Ao B A e K R s i A SR R K I 300 38 7 Sy g o 1 B AR E 1 3 A 141

1) MR AE T AR K 2 i sk 2 B B A B BEFN WS B B 0 338 sk 5 oy o7 552 00 o s R e R A0z
3 R RN RN 235 A8 TIOR8, A5 R, i 7K 50 A T30 R ol AR 3 2 72 A7 S BB A 28007 s ], R ke,
Ao R O (0 R AR R A7 AT L SO T /K SR T R A2 B i 2, FOAR X T HbRZ 19 PGA Ji
KEFHH 3.8.3.53.1,

2) YR T EE A AN TR AT e R A AR Tl K S TR i fE 8 10.2 mm, JF1 |
BB VTE VAR W Sh RS A K, IRt T K R S 3 B 3.1 mm AR S ULRE RS 3N ) 15 B R
i, 7 3 R PR BENR/ N B L ) DX T2 A v R i K R S S L A e KB SN 0.6 MPa, 7%

J 35 B B 1 R B SRR DR 7 BT A M X, R T W2 IR AP B VRN o R B, 250k

U, P AE M FRAE S AR TR A

3) BT B R E IR LR A IR MBS A v B i A il 2k 2 ORI B I IX B 3 AR I A5
JFU _EE e R B AE T T A% 2 2800 1.80, MR REALE 0 LAKTZ JF1 M5 Zhim, 59 U135 1A K
RAAICEIR

[

SE .
[1] LIAJ, LYAMIN A V, MERIFIELD R S. Seismic rock slope stability charts based on limit analysis methods[ J]. Computers and Geotechnics,
2009, 36(1/2): 135-148.

(2] Xgde, ML, RET. WIYE 6.8 HMFRACERGRF WA ST J]. MR TS TR, 2022, 42(6) : 25-34.

LIU Jinlong, LIN Jungi, WU Xuening. Investigation and analysis of seismic damage of transportation system caused by the Luding M¢6.8
earthquake in Sichuan Province[ J]. Earthquake Engineering and Engineering Dynamics, 2022, 42(6) : 25-34. (in Chinese)
(3] FiEEK. SO 8.0 ZHb ARl & i ¥ T SE HL B Hob B 1y A8 1] A 124 5 AR, 2009, 28(6) @ 1239-1249.
HUANG Rungqiu. Mechanism and geomechanical modes of landslide hazards triggered by Wenchuan 8.0 earthquake[ J]. Chinese Journal of Rock
Mechanics and Engineering, 2009, 28(6) : 1239-1249. (in Chinese)

[4] KUMSAR H, AYDANO, ULUSAY R. Dynamic and static stability assessment of rock slopes against wedge failures[ J]. Rock Mechanics and Rock
Engineering, 2000, 33(1): 31-51.

[5] FENG J, ZHANG Y B, HE J X, et al. Dynamic response and failure evolution of low-angled interbedding soft and hard stratum rock slope under
earthquake[ J ]. Bulletin of Engineering Geology and the Environment, 2022, 81(10) : 400.

[6] KARRAY M, HUSSIEN M N, DELISLE M C, et al. Framework to assess pseudo-static approach for seismic stability of clayey slopes[]].
Canadian Geotechnical Journal, 2018, 55(12) : 1860-1876.

[7] NEWMARK N M. Effects of earthquakes on dams and embankments[ J]. Géotechnique, 1965, 15(2) : 139-160.

[8] KOKUSHO T. Energy-Based Newmark Method for earthquake-induced slope displacements[ J]. Soil Dynamics and Earthquake Engineering, 2019,
121 121-134.

(91 BN, WHEM, A, 45 B RRE TS T HIT [ 1], R TR S TARRE, 2010, 30(2) : 173-180.

ZHENG Yingren, YE Hailin, HUANG Rungqiu, et al. Study on the seismic stability analysis of a slope [ J]. Earthquake Engineering and
Engineering Dynamics, 2010, 30(2) : 173-180. (in Chinese)

[10] %, XV, BEEK, 55 %182 AR sl R D /E A 12 b S R e B Al [ )] iR TAR S TR AR, 2023, 43(5) .

BAO Xin, LIU Jingbo, LU Xihuan, et al. Seismic response analysis model of soil-layer sites considering the combined effect of multidirectional
seismic ground motions and gravity[ J]. Earthquake Engineering and Engineering Dynamics, 2023, 43(5) : 1-11. (in Chinese)

[11] TRIFONOV O V, CHERNIY V P. A semi-analytical approach to a nonlinear stress-strain analysis of buried steel pipelines crossing active faults[ J].
Soil Dynamics and Earthquake Engineering, 2010, 30(11) : 1298-1308.

(12]  AA3C, MhykA, Phiskd. Bl Jyma i AR FE [ J]. srER: E 4, 2003, 33(H4T 1) : 28-40.

QI Shengwen, WU Faquan, SUN Jinzhong. Study on dynamic response law of slope[ J]. Scientia Sinica ( Technologica), 2003, 33(Sup. 1) :
28-40. (in Chinese)

[13] LIHB, LIUY Q, LIU L B, et al. Numerical evaluation of topographic effects on seismic response of single-faced rock slopes[ J]. Bulletin of
Engineering Geology and the Environment, 2019, 78(3) . 1873-1891.

[14] ANTWI BUAH P, ZHANG Y B, HE J X, et al. Evaluating the dynamic response and failure process of a rock slope under pulse-like ground
motions[ J]. Geomatics, Natural Hazards and Risk, 2023, 14(1): 2167613.

[15] #AUIMEE, THE, Z2EMeRR, 45, KPR RARE Bl ee s e BRI B [ 1], 50 )25 TR, 2017, 36(9) : 2156-2168.
HU Xunjian, BIAN Kang, LI Pengcheng, et al. Simulation of dynamic failure process of horizontal thick-layered rock slopes using particle flow
code[ J]. Chinese Journal of Rock Mechanics and Engineering, 2017, 36(9) : 2156-2168. (in Chinese)

[16] KEFAYATI S, BAGHBANAN A, TORKAN M, et al. Static and dynamic analysis on slope stability using a DFN-DEM approach on the right
abutment of the Karun 4 dam[J]. Earthquake Engineering and Engineering Vibration, 2020, 19(4) : 937-951.



142 #oE T OB S5 T OB Kk 3 545 %

[17] SONG J, GAO Y F, FENG T G. Influence of interactions between topographic and soil layer amplification on seismic response of sliding mass and
slope displacement[ J]. Soil Dynamics and Earthquake Engineering, 2020, 129 105901.

(18] BB, mHigdk, MK, HhR s e aLl S a2 A /AR (1], B0y 5 TR, 2009, 28(8) : 1714-1723.
ZHENG Yingren, YE Hailin, HUANG Runqiu. Analysis and discussion of failure mechanism and fracture surface of slope under earthquake[ J].
Chinese Journal of Rock Mechanics and Engineering, 2009, 28(8) : 1714-1723. (in Chinese)

[19] SRR, SREEA, W, 45 SR ML AR S AT RIS [ T]. K IR AAEH, 2021, 40(4) : 106-113.
BI Zhonghui, ZHANG Liaojun, ZHAI Yafei, et al. On seismic input method for layered foundation simulations[ J]. Journal of Hydroelectric
Engineering, 2021, 40(4) . 106-113. (in Chinese)

[20] HEJX, FUHY, ZHANG Y B, et al. The effect of surficial soil on the seismic response characteristics and failure pattern of step-like slopes[ J].
Soil Dynamics and Earthquake Engineering, 2022, 161 107441.

[21] A%, MZEIC, AL, 5. S s RO I S e R [ 1] TR 2 ( ASRFIEM) |, 2008, 36(2) : 238-241.
SHI Chong, ZHOU Jiawen, REN Qiang, et al. Ray theory solution of the elevation amplification effect on a single-free-face slope[ J]. Journal of
Hohai University ( Natural Sciences) , 2008, 36(2) : 238-241. (in Chinese)

[22] GB 18306—2015 P [ X Ikl (1990) [S]. dbut. hiE EREFRELAETIZE 5143, 2015.
GB 18306—2015 Seismic ground motion parameters ionation map of China[ S]. Beijing: National Standardization Administration of China, 2015.
(in Chinese)

[23] KUHLEMEYER R L, LYSMER J. Finite element method accuracy for wave propagation problems[ J]. Journal of the Soil Mechanics and
Foundations Division, 1973, 99(5) ; 421-427.

[24] WIS, Praig. ST IM]. i FRIPEREE M AL, 2006.
SHEN Mingrong, CHEN Jianfeng. Rock mechanics[ M]. Shanghai: Tongji University Press, 2006. (in Chinese)

[25] B sBRfE T Yo A LR E R [ D], i PEHLETRY, 2013.
LIAO Shaobo. Study on stability of block rock slope under strong earthquake[ D]. Wuhan: China University of Geosciences, 2013. (in Chinese)

[26] BWEEK, 228, ERESE. JZWCaRRBIGRAE S R PR sh G is [ 1], A0 e 5 1R, 2013, 32(5) : 865-875.
HUANG Rungiu, LI Guo, JU Nengpan. Shaking table test on strong earthquake response of stratified rock slopes[J]. Chinese Journal of Rock
Mechanics and Engineering, 2013, 32(5) : 865-875. (in Chinese)

[27] GB50011—2010 HHHIRBITHALST. Jbat. *hEEF T A, 2010.
GB 50011—2010 Code for seismic design of buildings[ S]. Beijing: China Architecture & Building Press, 2010. (in Chinese)

[28] HEJX, QI SW, WANG Y S, et al. Seismic response of the Lengzhuguan slope caused by topographic and geological effects[ J]. Engineering
Geology, 2020, 265 105431.

[29] YW, 2 e 2 20 J0T 2 S b R i 7 K A g PEFIRIN 37 BE5E [ D] R . U 2C iR, 2016.
FAN Gang. The dynamic response and time-frequency method for seismic stability evalution of layered rock slope with weak intercalated layer[ D].
Chengdu: Southwest Jiaotong University, 2016. (in Chinese)

(301 BRMH, J53Ci, 208, 4. A BUABRIAIR S SR i m RUBCR AN IISE [J]. A 1% 5 TR, 2011, 30(11) : 2189-2195.
CHEN Ming, LU Wenbo, LI Peng, et al. Elevation amplification effect of blasting vibration velocity in rock slope[ J]. Chinese Journal of Rock
Mechanics and Engineering, 2011, 30(11) : 2189-2195. (in Chinese)

(3171 Z/NL. RIEARAE S0 BT b b P 4 B P BUN B8 | —— PP S B B [ )], J122543R, 2002, 34(4) : 559-568.
LI Xiaofan. Theory of full elastic scattering of seismic waves for heterogeneous media of large extent I: Theory of elastic waves of single scattering[ J].
Chinese Journal of Theoretical and Applied Mechanics, 2002, 34(4) . 559-568. (in Chinese)

[32] PETRONIO L, BOAGA J, CASSIANI G. Characterization of the Vajont landslide ( North-Eastern Italy) by means of reflection and surface wave
seismics[ J]. Journal of Applied Geophysics, 2016, 128, 58-67.

[33] XIONGS, LIDQ, LIU Y, et al. Effect of weak intercalated layers on the seismic response of rock slopes based on numerical analysis[ J]. Journal
of Earthquake Engineering, 2023, 27(16) : 4595-4612.

[34] SBRRR, FHUR, Sl 45 DU Me8.0 RORFETIR KRB J L[ 1], Mk B, 2009, 52(5) : 1395-1401.
GUO Qiliang, WANG Chenghu, MA Hongsheng, et al. In-situ hydro-fracture stress measurement before and after the Wenchuan M¢8.0
earthquake of China[ J]. Chinese Journal of Geophysics, 2009, 52(5) : 1395-1401. (in Chinese)

[35] ZEot, BREDS, ™88, %5 Wl 8.0 Yz wiJn 4 B b 1 B 113778 (b oE [ 1], VU EE A Kap24dl, 2018, 53(2) ; 337-343.

LI Tianbin, CHEN Guoging, YAN Jun, et al. Geostress field analysis of futang tunnel, before and after Wenchuan M¢8.0 earthquake[ J]. Journal
of Southwest Jiaotong University, 2018, 53(2) : 337-343. (in Chinese)



